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Multimode bulk acoustic systems show promise for use in superconducting quantum computation.
They can serve as a medium term memory storage, with exceptional coherence times demonstrated,
and they exhibit a mode density that is physically highly compact. Here we experimentally demon-
strate accessing individual acoustic modes without being hindered by the uniform frequency spacing
of the modes. We use sideband control where a low-frequency modulation is applied to the trans-
mon qubit energy. The amplitude of the modulation defines the qubit-acoustic mode coupling, and
its frequency detunes the acoustic sidebands, therefore enabling selectively switching on or off the
interaction, and allows for a full control on the individual modes.
I. INTRODUCTION
Superconducting qubits are among the leading plat-
forms for quantum computing. Besides the qubits them-
selves, quantum computation needs at least memory ele-
ments and interconnects. For that purpose, quantum hy-
brid systems [1, 2] that combine superconducting qubits
with disparate degrees of freedom have been actively in-
vestigated. Experimental work includes e.g. systems con-
taining spin or magnetic degrees of freedom [3, 4]. A par-
ticularly actively explored medium for qubit hybrids are
mechanical oscillators or acoustic modes in solid state [5–
14]. A harmonic mode is a good candidate for a memory,
and can also be used for continuous-variable quantum
information [15]. Acoustic memory modes can be made
very long-lived, as acoustic resonators with exceptionally
long coherence times much beyond those of supercon-
ducting qubits have been demonstrated [16].
To maximize the benefit of integrating qubits with
acoustic modes, the latter should have a compact form
factor to be able to support multiple modes on-chip, in
addition to the long coherence times. High overtone bulk
acoustic wave resonators (HBAR) [17–20] can fulfil both
of these criteria. They are naturally multimode systems
and they can have exceptional quality factors. These sys-
tems can thus reduce the number of required qubits and
control lines in order to create more hardware efficient
systems [21].
In this work, we discuss and implement a novel ap-
proach to manipulate a qubit-HBAR system by con-
trolling the qubit with longitudinal fields. The method
has proven to be a useful tool to control superconduct-
ing quantum systems. The experimental demonstrations
include sideband transitions [22], two qubit operations
[23, 24], a tunable coupler [25], all realised with flux
induced parametric modulation. The sideband transi-
tions have also been used to generate a controllable in-
teraction between a superconducting qubit and multi-
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ple microwave resonators [26]. Other experiments have
used parametric modulation to generate photon-assisted
Landau-Zener interference [20, 27], or motional averag-
ing [28]. Here, we show that the longitudinal modulation
can be used to provide a selective access to the differ-
ent acoustic modes in a harmonic multimode quantum
acoustic system, where a transmon qubit is coupled to a
HBAR device.
II. INTERACTION USING LONGITUDINAL
MODULATION
Let us treat a qubit with the transition frequency ω0
between the ground state and the first excited state. The
qubit is described by the standard operators σz, σ+ and
σ−. The qubit is coupled to an array of harmonic oscil-
lators with frequencies ω
(i)
m for mode i, at the coupling
energy gm that is supposed to be the same for all of the
oscillators. The oscillators are described by the annihila-
tion (creation) phonon operators ai (a
†
i ) for mode i.
The qubit transition frequency is modulated longitudi-
nally by a classical field Hz(t) =
A
2 cos (ωmodt)σz. Here,
A is the amplitude of the modulation and ωmod  ω0
is the modulation frequency. The full system under the
frequency modulation is described by the Hamiltonian
[20]
H(n,k) =
(nωmod − ω0)
2
σz +
∑
i
(ωi + kωmod)a
†
iai
+
∑
i
gmJn−k
(
A
ωmod
)
(σ+ai + σ−a
†
i ) . (1)
It describes nth order qubit sideband interacting at the
rate gmJn−k (A/ωmod) with kth order acoustic sideband.
The modulation generates acoustic and qubit sidebands
(n, k = ±1, 2, ...) creating a grid of interweaving modes.
In our analysis, we consider only the qubit main band
n = 0. Then, of relevance are the acoustic sidebands
that are illustrated in Fig. 1. By selecting the qubit’s
operation point suitably, different processes connecting
the qubit and the acoustic modes can be realized via the
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2frequency modulation. In Fig. 1(b), the useful operating
points are labelled (I)-(III). At point (I) without mod-
ulation, the qubit is decoupled from the acoustic modes
and single qubit gates can be realized on the bare qubit.
Similarly, at point (III) without modulation results in the
normal resonant qubit-oscillator interaction. In order to
access individual acoustic modes through the frequency
modulation, the qubit is tuned to point (II) that is off
from the mid point between consecutive acoustic mode
frequencies. At this point, the sidebands become well
separated in frequency and they can be accessed indi-
vidually. At point (I), at exactly halfway between two
acoustic modes, one can bring the qubit on resonance
with two acoustic modes via the modulation.
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FIG. 1. Graphical illustration of the acoustic sidebands.
(a) Stacked representation of the acoustical sidebands from
Eq. (1) as given by ωi + kωmod. Each acoustical mode is
subject to sidebands (shown up to 2nd order) that linearly
depend on the modulation frequency. (b) Acoustic grids su-
perimposed to represent a resonance landscape that we can
probe with the qubit. The operating points (I-III) are de-
fined with respect to the acoustic modes. The shaded area
illustrates the measured parameter range in Fig. 4 (a).
III. QUANTUM BULK ACOUSTIC DEVICE
The experiments are realized with the sample depicted
in Fig. 2(a). Compared to our previous device [20], we
have continued to improve the system parameters by re-
designing the device geometry and the choice of mate-
rials. The device is implemented in a flip-chip design,
where the high-overtone bulk acoustic resonator (HBAR)
is overlayed on a a superconducting Xmon-type transmon
qubit [29] fabricated on a silicon substrate [Fig. 2(b)].
The qubit is capacitively coupled to the acoustic modes
and the electroacoustic transduction is provided by a
900 nm thick polycrystalline aluminium nitride (AlN)
and significantly enhanced by an underlying 60 nm-thick
Molybdenum (Mo) layer. The HBAR substrate being 150
µm thick single crystalline sapphire (Al3O2) results in a
free spectral range ωFSR/2pi ≈ 39 MHz of the overtone
modes. A thin AlN layer (30 nm) resides between the
sapphire substrate and molybdenum to match the crys-
tal lattices. The thin film stack has been manufactured
by OEM Group. The thickness of the film stack ensures
the resonant conditions to favor electroacoustic coupling
around 5.5 GHz.
The (super)conducting Mo layer encloses the electrical
fields above the Xmon coupling pad into a smaller vol-
ume to provide stronger electric fields that actuate the
acoustic modes. In addition, the electric field is likely to
be well uniform which reduces excess acoustic radiation
into the bulk and onto the surface. In order to limit the
dielectric dissipation in the potentially lossy piezoelec-
tric layer and to mitigate the losses in the qubit [30], the
piezoelectric chip only partially covers the qubit. There-
fore, the qubit’s electric field participation ratio with the
piezoelectric transduction is reduced. However, due to
the enhanced coupling provided by the bottom electrode,
this approach still retains a strong coupling, while main-
taining a good qubit coherence.
readout
resonator
flux control
Mo
AlN
150 µm
HBAR
(a) (b)
(c)
Al3O2
FIG. 2. (a) Schematic of the sample, illustrating the flip-
chip assembly of a high-overtone bulk acoustic wave resonator
(blue) on top of the Xmon qubit. The acoustic medium is a
sapphire crystal that is first covered by a thin layer of molyb-
denum (Mo, 60 nm), on top of which there is ∼ 1 µm thick
layer of polycrystalline aluminium nitride. (b) The Xmon-
qubit design has separate lines for flux control and transverse
drive, a readout resonator with a coupling of 47 MHz, and a
circular pad for electro-acoustic coupling with the diameter of
72 µm. (c) Schematic of the transmon-HBAR coupling. The
piezoelectric layer acts as a transducer between the qubit’s
electric field and the acoustic modes.
The HBAR chip is attached with a two component
epoxy and the chip lies over the qubit without any spac-
ers. We have observed that the natural gap between the
two chips due to chip imperfections or small particles
that land on the surfaces is on the order of a few hun-
dred nanometers. In the current device, the piezoelectric
layer is not shaped in any way which limits the lateral
confinement of the acoustic modes that could result a
lower acoustic quality factor as we have observed in these
devices. Another contributing loss factor is the polycrys-
talline form of the AlN that may degrade the otherwise
3excellent lifetimes in the bulk acoustic resonator. En-
couragingly, recent experimental advances have allowed
to build completely epitaxial bulk acoustic wave res-
onators with a metallic bottom electrode creating highly
coherent phonon modes [31].
The Xmon qubit has symmetric junctions and a max-
imum frequency of 5.97 GHz. However, we operate the
qubit away from the sweet spot and detune towards the
enhanced qubit-mechanics coupling at 5.65 GHz, where
the slope of the qubit energy curve is close to linear.
The qubit is characterized in the operating point (I)
[see Fig. 3], where the qubit is well decoupled from the
acoustic modes owing to the detuning being much larger
than the coupling. There we observe the qubit linewidth
γ/2pi = 0.78 MHz and measure its energy relaxation time
T1 = 1.09 µs. By comparing to similar qubit samples
without the flip-chip, we find that the presence of the
piezo does not cause broadening of the qubit linewidth.
Therefore, the piezoelectric film is not the current lim-
iting factor of the qubit decoherence. We measure the
acoustic lifetime by first exciting the qubit and then
swapping the excitation to the mechanical mode. After
a variable time delay the excitation is swapped back to
the qubit and its population is measured. We find that
the acoustic mode has a lifetime of T1m = 210 ns corre-
sponding to a decay rate of γm/2pi = 0.76 MHz. With
the coupling rate of gm/2pi ≈ 3.1 MHz, the system is in
the strong coupling regime.
FIG. 3. Two-tone spectroscopy as a function of flux bias. The
operating points (I-III) correspond to those in Fig. 1. DC-flux
voltage may be applied to (I) decouple qubit from mechanics
(without modulation), (III) bring the qubit on resonance with
a single non-detuned acoustic mode (without modulation) or
(II) access individual acoustic sidebands (with modulation).
Additionally, (I) with modulation is used to bring two acoustic
modes simultaneously on resonance with the qubit.
IV. SIDEBAND CONTROL OF THE HYBRID
SYSTEM
We study the sideband interaction first in spectro-
scopic measurements. In Fig. 4(a), the qubit is biased
near the operation point (II), where individual acoustical
sidebands are accessible. As the modulation frequency is
varied from 80 MHz to 140 MHz, when the resonant con-
dition ω0 − ωi ± ωmod = 0 is fulfilled, we observe the
different acoustic sidebands crossing the qubit frequency,
at around ωmod/2pi ' 91, 105, 130 MHz. The strength
of each anticrossing is given by 2geff = 2gmJ1(A/ωmod),
where A/2pi = 72 MHz.
Meas.
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FIG. 4. (a) Frequency-domain measurement to illustrate the
operational point and the correspondence to the time-domain
measurement and the related mechanical sidebands (k = ±1,
dashed lines). (b) Time-domain spectroscopy. (c) A slice of
the time-domain spectroscopy at the modulation frequency
ωmod/2pi = 91 MHz [indicated in (b)] together with theoreti-
cal modelling overlaid (solid line). (d) Schematic of the pulse
sequence, where the qubit is first excited (pi-pulse), followed
by a modulation pulse and read out of the final qubit state.
The length of the flux pulse is given by tpulse.
Next, we study these transitions in a time resolved
manner. We operate the qubit at its resonace frequency.
In the pulse sequence in Fig. 4(d), the transmon is first
excited with a pi-pulse. We then apply the longitudinal
flux modulation of a varying length and frequency. After
the flux modulation pulse, the state of the transmon is
measured with a measurement pulse. In Fig. 4(b), we dis-
4play the resulting data as a colormap showing the qubit
excited state population. The horizontal axis is chosen to
match that of panel (a). If the modulation frequency does
not coincide with the difference between the qubit and
an acoustic mode, we observe a relaxation decay of the
bare qubit. Once the modulation frequency corresponds
to the resonant condition with an acoustic mode, we ob-
serve coherent oscillations between the transmon and the
given acoustic mode. These are photon-assisted vacuum
Rabi oscillations where the oscillation rate is controlled
by the amplitude of the modulation field according to
the value of geff under the given modulation condition.
This allows coherent swapping of the qubit state with
the state of a single acoustic mode. As seen in Fig. 4(b),
the photon-assisted vacuum Rabi oscillations of different
acoustic modes are clearly separated allowing to selec-
tively access individual modes.
When the transmon population reaches its ground
state, the excitation has been transferred to the acous-
tic mode. This is illustrated in detail in Fig. 4(c),
which displays a single time trace. Using the para-
metric modulation, the rate of the energy exchange is
given by 2gmJ1(A/ωmod). Here, the duration of the
swap operation is about 240 ns. The fastest energy
exchange that one can realize with the sidebands is
2gmJ1(1.84) = 0.58 × 2gm. However, at this point the
coupling to the second order acoustic sidebands k = ±2
is also increased which could induce unwanted spurious
interactions. These are faintly visible in Fig. 4(b) at
ωmod/2pi ' 85, 111, 123 MHz. By a proper choice of the
modulation amplitude and frequency, the higher order
acoustic sidebands can be decoupled from the qubit [see
Appendix A]. The modulation amplitude is selected such
that the maximum peak of the sinusoidal modulation
does not bring the qubit on resonance with an acous-
tic mode. However, due to the high mode density of the
HBAR, the modulated qubit energy has to cross with
the nearest acoustics modes which can cause increased
decoherence.
If the transmon is biased at the operation point (I)
such that it is exactly in between two acoustic modes,
the modulation creates acoustic sidebands with the two
modes of opposite k = ±1. This can be used to couple the
transmon to two acoustic modes simultaneously. The two
acoustic modes are not necessarily the two closest modes
but they can originate from several FSR away depending
on the modulation frequency. When the qubit starts in
its excited state and the two acoustic modes are brought
into resonance by the modulation, the qubit excitation
is split into the two acoustic modes creating entangle-
ment of the tripartite system. We show the qubit pop-
ulation in Fig. 5 at several detunings of the modulation
frequency. The two acoustic modes with opposite mod-
ulation frequency dependencies cross the qubit at 137
MHz, where we observe simultaneous vacuum Rabi os-
cillations between the qubit and both sideband modes.
Compared to a case of a single resonant sideband, the
oscillations experience faster energy exchange according
(a) (c)
(b)
FIG. 5. (a) Experimental, and (b) theoretical time-domain
study of two acoustic sidebands of the 1st order k = ±1 on
resonance with the qubit. The qubit is first prepared in the
excited state and then allowed to interact with the acoustic
modes. (c) Single traces from (a), (b) at the modulation fre-
quencies as indicated.
to 2geff ≈
√
N − 1 × 2gmJ1(A/ωmod), where N = 3.
When the modulation frequency coincides exactly with
the frequency spacing to the two modes, the qubit is in
resonance with the two acoustic modes simultaneously
creating equal population in the acoustic modes.
V. AMPLITUDE-CONTROLLED SWITCH
Next, we use the parametric flux modulation to control
the resonant coupling between the qubit and an acoustic
mode. We show how the flux modulation can be used to
temporarily turn off the acoustic interaction. The use of
longitudinal modulation to create a switchable coupling
has been previously demonstrated with qubit-qubit and
qubit-resonator systems [32].
A spectroscopic measurement of the modulated qubit-
mechanics system shows an anticrossing in Fig. 6(a). The
qubit frequency is fixed on resonance with an acoustic
mode, and then the modulation is added on top of the
static flux bias. As the amplitude is increased the ef-
fective coupling follows the Bessel function J0(A/ωmod),
where the modulation frequency is fixed at ωmod/2pi = 30
MHz. Once the modulation amplitude-to-frequency ratio
reaches A/ωmod = 2.405, that is the root of the zeroth
order Bessel function, the interaction effectively vanishes
demonstrating the possibility to switch off the coupling
by selecting the appropriate amplitude-to-frequency ra-
tio. The latter is clearly seen in Fig. 6(b),(c), where
the vacuum Rabi oscillations freeze under the conditions
of zero effective coupling. Due to a slight nonlinearity
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FIG. 6. Control of coupling by flux-modulation amplitude.
(a) 0th order acoustic mode on resonance with the qubit in a
spectroscopic measurement and under the flux modulation.
The frequency of the modulation is 30 MHz and the am-
plitude is varied across the root of the Bessel function that
modulates the effective qubit-mechanics coupling. (b) Time-
domain spectroscopy of the qubit on resonance with an acous-
tic mode reveals the vacuum Rabi oscillations’ frequency de-
pendency on the flux modulation amplitude. The coupling,
in essence, switches off at 72 MHz, where we see the decay of
the qubit with no indication of the otherwise coupled acous-
tic mode. (c) Theoretical modelling of a system comprising
qubit and a single acoustic mode on resonance, to reproduce
the measurement data in (b).
in the relationship between the DC-flux voltage and the
qubit frequency, the driven AC flux induces rectification
and contributes to the DC value in proportion with the
driving amplitude, thus drifting the qubit away from res-
onance at higher amplitudes. This is clearly seen in Fig. 6
(a) as the spectral lines bending down. The theoretical
model (solid lines in Fig. 6(a)) matches well with the
measurement.
The parametric flux modulation can also be used to
control the resonant coupling between the qubit and an
acoustic mode on-the-fly during a single time-domain ex-
periment (see Fig. 7). In this case, the modulation pulse
is timed as in Fig. 7 (a), where the time-dependent mod-
ulation parameters yield time-varying qubit-mechanics
coupling and interruption of vacuum Rabi oscillations.
When the amplitude of the modulation field is zero, the
system experiences the regular vacuum Rabi oscillations
(b)
Meas.
Flux
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FIG. 7. Flux-modulation amplitude controlled switch. The
interaction is switched off, when the quantum is (a) in the
qubit or (b) in the acoustic mode, after which the interaction
is recovered. Solid black line is from a master equation simu-
lation. The inset in (a) shows the pulse sequence consisting of
a pi-pulse to prepare the qubit in the excited state, a DC-flux
shift to bring the qubit on resonance with the acoustic mode,
flux modulation at appropriate amplitude and frequency to
switch off the interaction, and the qubit readout.
between the qubit and the acoustic resonator at a rate
of 6 MHz. The application of the switch is demonstrated
in Fig. 7 (a) and (b). The vacuum Rabi oscillations are
allowed to evolve for ∼ 200 ns until a switch-off pulse is
applied when the quantum is either in the qubit or in the
acoustic mode.
After the switch off pulse has ended, the system re-
sumes the coherent oscillations but with a reduced am-
plitude due to the energy decay. This shows an example
of the utilization of the acoustic resonator as a memory
element, where the quantum state is stored inside the
acoustic mode and retrieved back to the qubit. With im-
proved mechanical lifetimes, one could expect usage as a
medium-term memory.
VI. CONCLUSIONS
The control techniques that we have demonstrated in
this work are based on the longitudinal modulation of
the qubit energy level which creates a tunable interaction
with the acoustic modes. Although the acoustic modes
are equidistant from each other in frequency, by a suit-
able choice of the parameters one can accurately access
individual modes, and also bring two acoustic modes on
resonance.
We have also demonstrated a new design for a quan-
tum acoustic system that combines a strong coupling to
the acoustic modes with a high qubit coherence. This
6is achieved by reducing the qubit’s electric field partici-
pation ratio with the piezoelectric transduction while en-
hancing the electromechanical coupling with the usage of
a bottom electrode in the HBAR film stack. The device
parameters can be greatly improved by combining state-
of-the-art qubits with highly coherent acoustic modes.
(a) (b)
(c)
FIG. 8. (a) Bessel functions of the first kind traced shown for
the lowest three orders J0, J1 and J2. Positions (i-iii) mark
the zeros of the functions. (b) With the inverse argument,
the same functions describe the (A,ωmod)-dependence of the
effective coupling, geff. (c) The colormap visualizes the value
of geff for each sideband order |k| and ωmod/A between 0 and
4. The overlaid white lines illustrate the acoustic sidebands.
Appendix A: Effective coupling
In Fig. 1, we display the underlying network of acous-
tic sidebands. However, the coupling to the sidebands is
introduced by the modulation parameters (A, ωmod). As
discussed, by selecting a suitable operating point, one
can find regions where the individual acoustical side-
bands are accessible. Then, one suppresses the cou-
pling to the higher-order acoustic sidebands via the fac-
tor Jn−k(A/ωmod). With a sufficiently small modula-
tion amplitude, or high enough modulation frequency,
the higher order acoustic sidebands loose a significant
coupling to qubit. This is because the Bessel functions
of the first kind Jn−k approach zero, when A/ωmod ap-
proaches zero at an increasing rate with the increasing
order of the Bessel functions. Indeed, one can find that
Jn−k(A/ωmod) ∝ (A/ωmod)n−k at small arguments. In
Fig. 8(a) we display the Bessel functions for J0, J1 and
J2. At the root of the functions one can find a total sup-
pression of the coupling. The inverse argument ωmod/A
that relates to Fig. 4(b) is illustrated in Fig. 8(b). The
choice of parameters (A,ωmod) is guided by a sufficiently
strong coupling gmJ1 and a reasonable suppression of
higher order terms. Beyond ωmod/A > 0.5, the coupling
to the higher order acoustic sidebands is quickly dimin-
ished. The sideband energies of the system are mapped
to the coupling in Fig. 8(c), with the colormap displaying
the effective coupling with fixed ωmod/ωFSR ratio.
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